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Extracorporeal shock wave lithotripsy (ESWL) for the treatment of upper urinary tract stone disease is held in high
regard by the public and the profession. Although the efficacy is good (77.4% to 100%) for the treatment of 1- to 2-
cm stones in select patients, ESWL may require the assistance ofadjuvant procedures in as many as 26% ofpatients
and may need repeating in as many as 32% of patients. These represent more difficult situations in which larger,
more numerous, or harder stones may be present and in which ureteral stones are manipulated before treatment.
The predominant adverse effect ofESWL treatment is the microvascular disruption ofthe tissues through which the
shock waves pass. In addition, the procedure is painful, with many patients requiring narcotic analgesia. Long-term
complications such as the new onset of hypertension have occurred in as many as 8% of treated patients, but much
speculation about the long-term effects remains.
(Kelley JM: Extracorporeal shock wave lithotripsy of urinary calculi-Theory, efficacy, and adverse effects. West J Med 1990 Jul; 153:65-69)

Often in medicine, the benefits gained from a therapeutic
intervention are weighed against the risks of carrying

out that intervention. A simple balance between gains and
losses, or present effects and future results, exists that tee-
ters between both outcomes. Such may be the case with
extracorporeal shock wave lithotripsy (ESWL).

Since its first clinical application in 1980, ESWL's tech-
nologic progress has advanced at a sprinter's pace. Cur-
rently more than 300 extracorporeal lithotripters are used
in 32 countries worldwide and more than 500,000 people
have received shock wave treatment of renal or ureteral
stones."2 Despite this clinical experience, fundamental
questions still remain about the nature of shock wave en-
ergy, its effects on the tissues through which it passes, the
proper dosage, and the absolute role of ESWL in the treat-
ment of stone disease.

With the procedure embraced by both the public and the
profession, the fervor to develop new, less costly, and safer
devices for delivering shock waves has made keeping track
of the players and the styles of play difficult. The Dornier
company, from which pioneering lithotripsy studies were
generated and the producer of the first clinically available
extracorporeal shock wave lithotripter, the HM-1, has
found itself among an ever-increasing pack of rookie com-
panies trying to capture a portion of the growing market.
With the increased competition and the rapidly expanding
body of knowledge, new variants of extracorporeal shock
wave-generating devices have been emerging almost yearly.
As an example of just how quickly things are progressing,
since its development of the HM-1 nearly a decade ago, the
Dornier company has produced the HM-2, HM-3, HM-4,
MPL 9000, and MFL 5000 models.2

With the newer, second-generation lithotripters, at-

tempts have been made either to improve on the original
design or to develop novel approaches to the task of stone
fragmentation. The changes made in various lithotripter
components include variations in the energy source, focus-
ing devices, coupling medium, and stone localization sys-
tems.2

Shock Wave Principles
Although highly theoretical, current thinking regarding

shock wave behavior holds that, in the spark-gap type of
shock wave generator, the sudden jump of charge between
two electrodes immersed in deionized water results in the
instantaneous evaporation of water around the electrodes.
This sudden evaporation creates an expanding gas bubble
that compresses the surrounding water medium and pro-
duces an increase in the adjacent water density.3 Resisting
further compression, the water medium allows transmis-
sion of the propagated pressure wave at an increased veloc-
ity. This change in velocity results in the characteristic
shock wave appearance of a sharp pressure rise followed by
a gradual decay.4

Because of a stone's ability to effectively resist compres-
sion, it is thought that tensile forces cause the characteris-
tic peeling off of outer layers that has been observed to
occur with fragmentation. The tensile forces are essentially
the result of reflected and refracted shock waves, which
develop an area of low pressure behind them as they journey
away from the area of contact. These tensile forces are
thought to stress the stone's intrinsic ability to resist longi-
tudinal stretching, resulting in the formation of fractures
from the outermost surface inward.4 In the spark-gap type
of lithotripter machines, the strength of the administered
shock waves can generally be varied by changing the voltage
(about 18 to 24 kV) across the spark-generating electrode.4
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ABBREVIATIONS USED IN TEXT
ESWL = extracorporeal shock wave lithotripsy
NAG = O-N-acetyl-D-glucosaminase

Cellular Effects of Shock Waves
At the cellular level, investigation with high-energy

shock waves has been mainly in the study of their potential
for use against neoplastic cell lines. These studies, however,
could serve partly as an analysis of their effects at the cellu-
lar level.

In a study using rat prostate carcinoma cells and human
melanoma cell lines in vitro, Russo and co-workers observed
a selective diminution of cells in the G2 and M phases of the
cell cycle following exposure to 800 to 1,500 shock waves.
The complementing in vivo study showed a delay in tumor
growth among cells treated directly in an animal host or

treated before injection into an animal host.5 The finding of
a shock wave-induced antiproliferative effect has been sup-
ported by the work of others, but the selective cell phase
diminution was not observed.6

Similarly, Randazzo and associates examined indices
of cell viability, growth, cell attachment, and electron-
microscopic appearance in renal carcinoma cells versus nor-
mal human embryonic kidney cells7 in vitro. The renal car-
cinoma cells were treated with 1,400 or 2,000 shock waves
at 18 kV, causing a notable decrease in viability, growth,
and attachment over what was observed in the normal hu-
man embryonic kidney cells. Electron microscopy showed
substantial damage to both cell types with improvement
seen in both at 120 hours when given the lower shock wave
dose, but favoring the embryonic kidney cells morphologi-
cally. In vivo experimentation using FANFT, a carcinogen-
induced mouse bladder tumor transplanted into the hind
legs of C3H/He mice and exposed to 1,400 shock waves,
showed an inhibitory effect on tumor growth at this dose.7

Showing obvious cellular effects, these study results also
raise the question of cell vulnerability at particular cell cy-
cle phases. They suggest also that some cells, when dam-
aged, may have the capability to undergo repair after expo-
sure to shock waves.

Concerning normal cell lines, pioneering work by
Chaussy demonstrated no in vitro change in leukocyte
number or function following shock wave exposure.8 In a
study by Yang and associates, however, a significant cyto-
toxic effect was observed in bone marrow cells exposed in
vitro. This effect was observed to be dose dependent with
increasing shock wave exposure: As few as 500 shock waves
at 18 kV decreased cell viability by 50%. In addition,
colony-forming ability was reduced following exposure to
shock waves.9

Admonishing the cautious interpretation of tumor cell
studies, Laudone and colleagues showed that the air-fluid
interface present in containment vessels used for in vitro
studies significantly enhanced the cytotoxic effects of ad-
ministered shock waves. They noted, too, that shock wave
effects differ substantially for cells in suspension versus
cells in tissue, making comparisons difficult. Furthermore,
in trying to reproduce the antiproliferative effects observed
by other investigators, using the implantation of AT3 tumor
cells, they witnessed no significant change in tumor dou-
bling times versus controls after treatment of the tumors
with 1,000 shock waves at 24 kV. They concluded from the
latter study, however, that the choice of tumor type may
have been inappropriate. The AT3 type is homogenous,
lacking the surface areas of a more variegated tumor.10

Tissue Effects: Animal Studies
Preliminary studies showed that shock waves pass

through living tissue with little attenuation in wave energy.8
Work with animal models and in vitro systems suggested
that shock waves produce only minimal degrees of tissue
injury that resolves quickly. An early study by Chaussy in-
volving the surgical deposition of a calculus into the renal
pelvis of 17 dogs with subsequent fragmentation showed
successful fragmentation and fragment clearance in 13 of
the animals, each given 500 shock waves, without evidence
of tissue injury or loss of renal function.8 Notable excep-
tions, however, were the massive alveolar and vascular rup-
ture produced in directly exposed rat lung and, separately,
hemolysis of erythrocytes exposed in vitro to shock waves.8
The former led to the practice of shielding the lung during
treatment, and the latter was attributed to the presence of
aged erythrocytes in the test blood specimen.

Allowing gross and histologic examination within and
adjacent to the focus of maximum shock wave energy, con-
tinued studies in animals have played a necessary part in
assessing the effects of high-energy shock waves on living
tissues. Animal subjects used to date include rats, rabbits,
dogs, and pigs.

In studies of rats, Recker and co-workers showed by
scanning electron microscopy of treated kidneys the diffuse
loss of microvilli and ciliae on the cell surface of tubules, cell
vacuolization, desquamation, and sporadic glomerular rup-
ture.11 In studies of the ovary, an organ likely to receive
shock waves during the treatment of distal ureteral calculi,
no important effects on follicle number or fertility were
noted in female rats with exposure to 1,500 focused shock
waves at 15 ky.'2 Given the possibility of unintentional
vertebral shock wave exposure in children undergoing
ESWL, the proximal tibia of 5-week-old rats was submitted
to 1,500 shock waves at 20 kV, and the animals were killed
two, four, and ten weeks after treatment. Focal growth plate
dysplasia was found in 8 (44%) of the 18 rats when com-
pared with age-matched controls, with 2 (33%) of the 6 ten-
week animals showing extensive, rather than focal, dyspla-
sia.13

For a general assessment of acute and chronic effects of
ESWL on various tissues, Graff and associates, using the
rabbit model, observed posttreatment bleeding and ulcera-
tion of the exposed rectum, intermuscular and intramuscu-
lar hematomas, and subperiosteal bleeding at 48 hours.
Chronic effects, apparent at one to two months, included
aseptic marrow necrosis, damage to osteocytes, and evi-
dence of bone remodeling.14 Study of the morphologic and
functional effects of 3,000 shock waves (at 20 kV) on the
rabbit kidney showed the acute (seven days) changes of
focal subcapsular hemorrhage, tubular dilatation, and in-
terstitial hemorrhage; chronically (two months), only focal
interstitial fibrosis was seen. When both kidneys were as-
sessed for kidney functional losses, the only significant
findings were a transient four-day decrease in creatinine
clearance and a transient three-day increased concentra-
tion of urinary free hemoglobin, both of which returned to
baseline. 15

Several studies have examined the direct effects of shock
waves on the kidney, using the canine model. In contradis-
tinction to the early findings of Chaussy, Brendel showed
renal hemorrhages (as much as 0.5 cm in size), interstitial
edema with interstitial widening, and renal capsule pete-
chiae following shock wave exposure to the canine kid-
ney. 16pl4l) To study the acute and chronic effects on the
kidney and try to correlate shock wave dose with degree of
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injury, Newman and colleagues studied six kidneys of mon-
grel dogs. The acute-effects group comprised four kidneys,
each having exposure to a different shock wave dosage
(1,776, 4,500, 6,000, and 8,000 shocks), and the animals
were killed at 48 to 72 hours. Corticomedullary hemor-
rhages were found universally in the kidneys of this group,

especially involving thin-walled vessels. Three of four kid-
neys (75%) also showed perirenal hemorrhage or hema-
toma. The chronic-effects group-two kidneys exposed to
1,600 or 8,000 shock waves and the animals killed 30 days
after treatment-showed evidence of fibrosis, which was

smaller in the less heavily treated kidney. Surprisingly, nei-
ther kidney in the acute or chronic group exposed to 8,000
shock waves showed complete necrosis. All kidneys, what-
ever dose given, sustained modest injury.17 The unusually
high shock wave dosages given in this experiment were for
assessing extremes in dosage and effects.

Using more conventional shock wave dosages, other
studies have examined shock wave exposure to kidneys for
acute and chronic changes.'8-20 After 1 to 24 hours, macro-

scopic changes include perirenal fat hemorrhages, a relative
increase in treated kidney size, subcapsular hematomas,
overlying muscle hemorrhages, and hemorrhages of the re-

nal parenchyma, capsule, or hilum.18-20 On histologic exam-
ination there were focal and diffuse interstitial hemorrhage,
venous thrombosis involving arcuate and interlobular
veins, and tubular dilatation.18-20 Chronic changes (seven
days to three months) were not observed macroscopi-
cally.19'20 On histologic examination, chronic renal changes
included only focal areas of streaky fibrosis and calcium
deposition.19'20 By electron microscopy, the microvascular
wall was the site of the greatest injury."8 When assessing
shock wave dose effects, injuries were more serious above
500 shocks, but no difference was appreciable when com-

paring the effects of 1,500 with 3,000 shock waves.'8
Pig model studies, too, have shown renal structural dis-

ruption with exposure to high-energy shock waves. Think-
ing pigs to be a better model for human kidney than other
model kidneys, Muschter and co-workers showed acute re-

nal injury consisting of perirenal and intrarenal hemato-
mas, renal parenchymal damage, and parenchymal necrosis
following renal parenchymal ESWL treatment.21 Chronic
changes were demonstrated by Begun and Laswon, who
examined pig kidneys four weeks after treatment.22 They
found focal scarring in the treated kidney circumscribed by
marginally vascularized areas of injury in which interstitial
and perivascular fibrosis, partial glomerular hyalinization,
and tubular injury were present, resembling end-stage renal
disease.22 The mechanism(s) of shock wave-induced tissue

injury has not yet been elucidated. Under consideration
have been the compressive and tensile forces of the wave,
thermal events, free radical effects, or a cavitation phenom-
enon.

Direct forces are a plausible explanation for such injury
in biologic structures having different impedances, but
thermal injury is unlikely.23 Free radicals produced by high-
energy shock waves may play a role in cytotoxicity. They
have, however, shown little effect on a target cell assay

when compared with those of cobalt 60 origin.24 A cavita-
tion phenomenon seems the most widely accepted explana-
tion for observed tissue effects.3'5'23 Sometimes called
pseudocavitation, it is the product of small gas or vapor

bubbles by rapid pressure changes in a liquid.25 A momen-
tary decrease in pressure behind an advancing shock wave

is thought to cause local vaporization within a liquid, or

undissolution of a dissolved gas, producing tiny bubbles.
Such bubbles have been observed in in vitro experiments. It

is the motion of these bubbles that could cause tissue in-
jury. 23,25

Clinical Experience
Reports of clinical success with ESWL abound in the

literature. Since its first clinical application nearly a decade
ago, widespread acceptance has provided the opportunity
to review the experience in a sizable population of treated
patients.

Regarding efficacy, early studies by Chaussy and associ-
ates, in which 945 patients were treated over a three-year
period, showed that 89.5% of treated patients were stone
free at three months' follow-up.26 In the United States Co-
operative Study of Extracorporeal Shock Wave Lithotripsy,
follow-up of 739 treated cases at three months showed free-
dom from stones and all detectable residual fragments in
77.4% of cases.27 Overall, the estimated efficacy of ESWL
ranges from 38% to 100%. Some of this variation is attrib-
utable to the treatment of difficult and large stones, a signif-
icant number of patient retreatments, and the assistance of
adjuvant procedures.

It has been suggested that a single kidney stone with a
largest diameter of 2.0 cm or as many as three stones of less
than or equal to 1.0 cm provide an excellent target for
ESWL.28 Such was supported in the US cooperative study in
which the model size of treated stones was 1 to 2 cm.27 In
dealing with large stones, Roth and Beckman found that
only 38% of patients with calculi larger than 3.0 cm are
treated successfully by ESWL monotherapy.29 In the US
cooperative study, most patients required a single ESWL
treatment, but one, two, and more treatments were required
in 16%, 14%, and 2% of patients, respectively.27

The use of percutaneous or endoscopic procedures as an
adjuvant to ESWL therapy is commonplace. In some stud-
ies, these procedures have been used routinely in as many as
26% of patients to reposition a stone, remove an excessive
fragment burden following treatment, or allow calyceal
drainage of urine.3031 Overall success rates, too, have im-
proved with adjuvant therapy. In one study, treatment using
ESWL alone was 80% successful, climbing to 90% at three
months' follow-up with the addition of adjuvant mea-
sures.32 In many cases, the stone burden is the key factor in
determining whether assistance is necessary, as the in-
creased number of fragments released from a large (> 3.0
cm) stone or numerous stones raises the risk of urinary tract
obstruction.31 In addition, the variable success of in situ
ureteral stone fragmentation has been improved by the pre-
treatment manipulation of ureteral stones into a more ad-
vantageous position in the renal pelvis.33-35

Adverse Effects
Complications seen routinely with ESWL treatment of

stone disease are cutaneous petechiae or subcutaneous he-
matomas at the shock wave entry and exit sites (especially
in thin patients) and costovertebral angle or lower quadrant
pain, with as many as 40% of these patients requiring nar-
cotics for pain relief.36 Gross hematuria is observed immedi-
ately in virtually all patients and typically resolves by 24 to
48 hours after treatment.3 36'3 Obstruction of urinary flow
by fragments also occurs, with a general frequency of be-
tween 6% and 25%.33.38.39 The piling of stone fragments in
the ureter, called steinstrasse, has been described through-
out the literature and in one study occurred in 5% of 600
patients.32 After large or infected stones are fragmented,
infection can develop in an obstructed calyceal system, re-
sulting in septicemia. Such complications have occurred in
less than 5% of the cases examined.32'3840
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Other complications include pneumonitis in 1.2% of pa-
tients,27 prolonged ileus in 10%,32 and transient pyrexia in
30% of patients.32 Perirenal hematomas, occurring in as
many as 2.5% of patients in general following ESWL treat-
ment, have been found with greater frequency (as many as
3.8%) in patients with poorly controlled hypertension at
the time of treatment.41

Morphologically, computed tomography and magnetic
resonance imaging have shown significant changes in the
posttreatment kidney. Computed tomographic studies
acutely reveal a general relative increase in the size of the
treated kidney (9% in one study), subcapsular hematomas,
intrarenal hemorrhages, small subcapsular fluid collections
of an unknown type, and perirenal fascial thickening.42
Magnetic resonance imaging findings concur; in the exami-
nation of 39 kidneys in one study, 29 (74%) showed one or
more morphologic changes.43 In addition, focal or diffuse
loss of the corticomedullary junction occurred in 16 (41%)
of those 39 patients.43 Other investigators have observed
similar changes.3'39

In the investigation for changes in renal function, vari-
ous methods have been employed. Enzyme studies by Kishi-
moto and co-workers and Assimos and colleagues have re-
vealed transient elevations in renal tubular enzymes for as
long as seven days after treatment.44'45 Kishimoto and asso-
ciates observed shock wave dose-related increases in the
levels of cell-escaped lactate dehydrogenase, aspartate
aminotransferase, and free hemoglobin lasting as long as
four days in serial blood specimens and an increasing ,B-N-
acetyl-D-glucosaminase (NAG) and creatinine clearance
trend through the completion of the observation period
(day 4)44 Assimos and co-workers noted an increase in the
urine concentrations of the proximal tubule and brush bor-
der enzymes NAG, '-glutamyltransferase, and f-
galactosidase, with peak values reached at day 3 and return-
ing to baseline beginning at five to seven days.45 Marcellan
and Servio also observed increases in serum lactate dehy-
drogenase and urine NAG levels, but these levels remained
within the upper limits of the normal range.46 Similarly,
Schulze and associates measured a fourfold increase in the
level of kidney epithelial antigens, using monoclonal anti-
bodies, by the fourth post-ESWL treatment day.47 These
studies suggest that nephron injury does occur, but whether
the decrease in some values indicates repair of this injury or
progression to a nonfunctional state, without further leak-
age, is unclear.

Another study by Gilbert and colleagues assessing post-
ESWL renal function more traditionally found nephrotic-
range proteinuria for three to six months after treatment,
but no significant change in the calculated glomerular fil-
tration rate, fractional sodium excretion, or urine osmolal-
ity among treated patients.48 These findings suggest that
altered permeability of the glomerular basement membrane
occurs with shock wave exposure.

Flow studies, too, have shown changes in effective renal
plasma flow following ESWL treatment. Using quantitative
radionucleotide renography scans, Kaude and co-workers
found a 5% difference in the effective renal plasma flow
before and after treatment in 10 of 33 patients.39 Thomas
and colleagues also found a significant difference in the
effective renal plasma flow between treated and untreated
sides, when greater than 1,600 shock waves were applied to
the treated kidney.49

With the exception of the flow studies and the rabbit
studies of Gunasekaran and associates, 15 these studies have
the inherent limitation of being unable to selectively study
just the treated kidney. A study by Kulb and co-workers

involving patients with solitary kidneys showed a signifi-
cant posttreatment rise in serum creatinine levels above 177
Amol per liter (2 mg per dl) in only 3 of 68 patients.50 Given
the vast nephron reserve in the kidney, however, a serious
injury might not be appreciable simply by examining serum
creatinine levels.

Concern over the long-term complications of ESWL
treatment has recently been raised. Newly diagnosed hy-
pertension has been found in treated patients. At 6 to 12
months after treatment, Lingeman and Kulb noted among
95 patients an 8% incidence of new-onset hypertension
requiring drug therapy and a 15% incidence of new diastol-
ic pressure elevations not requiring therapy.5' Similar ob-
servations were made in two other studies by Newman and
associates and Williams and colleagues, each reporting an
increased incidence of new-onset hypertension in .8% of
148 and 91 patients, respectively. In both studies, these
newly hypertensive patients required treatment.52'53 In ad-
dition, at 17 to 21 months of follow-up, the Williams study
also reported a substantial decrease in the effective renal
plasma flow of the treated kidney in 21 of 148 treated pa-
tients.53

Conclusion
As Lingeman and co-workers put it,

The rapid acceptance and adoption of ESWL has been facilitated
by the false perception that this technology is entirely safe and that
shock wave treatment does not induce severe, acute or chronic side
effects.37(p797)

Although the overall mortality associated with this proce-
dure is low (0.02% in a survey of 62,793 patients),54 the
effects of this energy on living tissue require a need for its
judicious use.

Of added concern is the problem of repeat stone forma-
tion, with the frequency of stone recurrence found in one
study to be 50% to 70% of patients,55 who may undergo
repeated ESWL treatments. Such retreatment would be ex-
pected to take its toll on a treated kidney. Will long-term
accumulated injuries cause premature aging of treated kid-
neys, resulting in a decreased parenchymal reserve in later
years? Although little long-term evidence exists for perma-
nently altered renal function, the substantial nephron re-
serve of the kidney could conceivably compensate for siz-
able parenchymal injuries such that these injuries will not
be manifested immediately. Effective at fulfilling its pur-
pose, some ESWL models, however, still produce sufficient
discomfort in treated patients to require narcotic analgesia.
An added factor is that a substantial number of these pa-
tients will require additional procedures, endoscopic or in-
vasive, indicating that ESWL alone is not a cure for all stone
problems and requires the optimal selection of patients.
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